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Seismic waves
G

surface

e

\_/ body waves

When a stress is applied (or released)
on a point source P the corresponding
strain propagates out of the source
both within the body (body waves) and
on surface (surface waves).

The body waves can be divided into
primary and secondary waves, while
the most studied surface waves are the
Rayleigh and Love waves.

Giorgio De Donno - 2



Body waves - P-wave
R

» The wave propagates parallel to the direction of particle motion.
* Particle motion consists of alternating compression and dilation (extension).

» Material returns to its original shape after the wave passes.
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DIRECTION OF WANVE PROPAGATION

This wave is called compressional, longitudinal or primary (P),
because it represents the first arrival
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Body waves - S-wave
GEE

» The wave propagates normal to the direction of particle motion.
« Particle motion consists of alternating transverse motion.

» Material returns to its original shape after the wave passes.

Transverse motion can be in the
vertical (z) direction (SV wave) or in
the horizontal (y) direction (SH wave)

SV wave SH wave

This wave is called shear, transverse or secondary (S),
because it represents the second arrival.
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Surface waves - Rayleigh wave
G

» Particle motion consists of retrograde elliptical motions in the vertical plane
and parallel to the direction of propagation.
» Amplitude decreases with depth

» Material returns to its original shape after the wave passes.
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Surface waves - Love wave
G

 Particle motion consists of alternating transverse motions, horizontal and
perpendicular to the direction of propagation (transverse).
« Amplitude decreases with depth.

» Material returns to its original shape after the wave passes.
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DIRECTION OF WAYE PROPAGATION
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Wave parameters
G

A
VAvA: VAV

» period (7): duration of an oscillation cycle [S]

>
»

amplitude
//

amplitude

« wavelength (1): distance of an oscillation cycle [m]
« peak amplitude (A): maximum absolute value of signal

From these, we can derive:

« frequency (f): f = % [HZz]

« angular frequency (0): w = 2? = 2nf [rad/s]
« velocity (v): v = % = Af [m/s]

« wavenumber (k): k= 27” == [rad/m]
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Wave parameters
GEE

>

amplitude
/
A 7
:( -
La.mghtude

time Xy distance (x*)
\
\/

Monochromatic signal = signal with only one frequency = sinusoidal signal
In this case the signal is:

21 21
u(t) = Acos <T t> = Acos(wt) u(x) = Acos <i 7x> = Acos(+kx)

That is, using complex notation:
u(t) = Re{de'®t) u(x) = Re{detikx}

Since the observed signal are real-valued (e.g. displacements), in the following we
will use a complex notation neglecting the imaginary part.

For a wave propagating through space and time, the resulting signal is:

u(x, t) — Aei(wtikx)
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Propagation
G
The wavefront is the surface where the elastic wave has a constant phase

The ray is the path that one parcel of the wavefront travels along.

Spherical wavefront Plane wavefront

Wavefront

Source

These hypothesis hold for:

« Point source, far enough from the source
 Plane source with stress distributed over
a surface

 Point source
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Propagation

Huygens principle:

 each point on wavefront
acts as a point source

 spherical waves radiate
outward from each point
source

» envelope of waves is the
overall wavefront

Fermat’s Principle:

* rays propagate along the
path which yields the
smallest travel time
(principle of least time)

e
Distance =
(Velacity) » (Ar)

Velocity is constant:
L= +Ar

Wave front at 1,

FIGURE 2.10g

Introduction to Applied Geophysics
Copyright © 2006 W. W, Norson &

& Company

Constant
velocity
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Attenuation
G

Elastic wave fields loose energy through Earth due to:

_.--Local plane wave
approximation

« geometrical spreading: the
wavefront must always contain a
constant amount of energy E,

The energy of a unit area of the o \( ~ fon
growing wave front is equal to: ./;_\f_' _____________
B(r) = —°
r)= surface of a sphere
4mrs — P

Therefore, the energy decreases proportionally to r?

Q. What about the wave amplitude? It decrease proportionally to...

Giorgio De Donno - 11



Attenuation
G

Elastic wave fields loose energy through Earth due to:

« geometrical spreading: the
wavefront must always contain a
constant amount of energy E,

The energy of a unit area of the
growing wave front is equal to:

Source

Eq
Amrr?
Therefore, the energy decreases proportionally to r?

E(r) =

___— surface of a sphere

Q. What about the wave amplitude? It decrease proportionally to...

A. Proportionally to rl Remember that Eoc a?
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Attenuation
G

Elastic wave fields loose energy through Earth due to:

* intrinsic attenuation: energy loss due
to shear heating at grain boundaries,
mineral dislocations etc.

It can be evaluated though a “quality factor” (Q):

_27TE
Q= AE

Q is a measure of the fractional loss of energy per cycle (oscillation)
of the seismic wave

high Q = little energy loss
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Attenuation
G

Elastic wave fields loose energy through Earth due to:

: & : .

« scattering: most materials T @ ®

contain small heterogeneities T w0
. . . 1O ! 1 1 ,I ,, - \\ \‘
(grains, mineral boundaries, z : HENVSAR
pore edges, cracks, etc.) : : : N

@ @ X

——————— o

Some seismic energy is scattered when it encounters these
features: acording to Huugens’ principles the small
heterogeneities are new sources of waves.

This phenomenon depends on the ratio of the heterogeneity size
to the wavelength (it must be comparable)
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Interference
G

Waves can interact and the resulting wave is the effect
of the superposition of two or more wave fronts

Interference
2 sources at d=\/2 Radiation pattern

o ()
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Linear elasticity
GEE

Stress
A

We are here. .. Seismic sources release energy as waves that
causes a certain level of stress and a
consequent strain, though not permanent for
our low-energy applications (elastic

behaviour)
E = o
— > Strain Stress < f_ g ) » Strain
limit o o=f""(¢) €
K Hooke’s Law: Strain is directly proportional
© to the stress (linear elasticity)
k is the spring constant stress :
& (material property) \l/ N N strain
\ F;I: M)s
~ N\

STOP
LOAD t
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Elastic parameters

Displacement u = (u,v,w)

G
1. Longitudinal (compression/extension) stress 2. Shear stress
y L
G [T T iafe
N N

F
long. stress x/A Oxx  Oxx

- long.strain = AL/ ey, ~ du
L ax
1
Exx = F Oxx

[ E: Young’s modulus [Pa] }

ov

lat. strain Ad/d_ €y 0y &z 0y

ou

—_ gxx
0x

 long.strain AL/L &

[ v: Poisson’s ratio [dim less] ]

v
Eyy = Eo-xx
E,; = VO'

zz — g Yxx

ow

Ju
ox

av X
ox
F,
oo sh.stress xy/A _ Oxy  Oxy
H=5 = Shostrain~ tan(8) Vey ou  dv
dy = Ox
1
Vxy = " Oxy
Oxy = UYxy

[ u: Shear modulus [Pa] ]
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Elastic parameters

e
3. Volumetric (bulk stress) 4. Longitudinal stress with no lateral strain
v
" [+ Al "
e /\/ F F
—>| |« | > |&—
p—H— . P
o
V— AV v
K — vol.stress P M = long. stress _ /A
~ vol.strain AV/V long. strain Al/l

N

[ Bulk modulus [Pa] M=K+—-u Longitudinal modulus [Pa] }

Giorgio De Donno - 18



G
I A Exx [ 1/E —V/E —V/E Oxx
L, €yy -v/E 1/E —v/E 0 Oyy
. i G €zz | _ -v/E —-v/E 1/E Ozz
x| } Vxy | — 1/u 0 0 ||%xy
O e - "If ! B )/ o
M B 6 ) Xz 0 0 1/u 0 xz
LAy Yozl | 0 0 1/plt=
ey Y x
v @ inverting
y
X-components: _gxx_ K -;2‘11 y ! j ::XX
— a2 o, P ’ 2
Oxx = u Ox 3y 97 o‘iz _ A A A+2u - yiz
Ju OJv o g 0 £ g
Oxy = U <— + —> e 0 0 u 0 .
dy Ox [ Oyz | 0 0 u | Vyz .
<6u N 6W> _
Oxz = U\ 7> T 5 4
9z  dx A, p: Lamé parameters

The linear elastic homogeneous isotropic stress-strain
relationship is defined by only two constants (Lamé parameters)
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Seismic waves
G

\ 4

Wave motion

',’ .<1
,"’ U;;z d‘lj
dx

Y

Stress increment (i rate}

XX~ 1 (')o'xx‘
0 —l

Ag XX = gXx+ _
\ ax 7/

NS o -

o d0%u
Ac** = ~(/1+2”)ﬁ+/1__+/1__ dx

~ -
~ - ——-—

Ac™Y = !,u—— +

XX

xx

m = 8V = ddxdydz

ZFx'i =ma{
[ a=

0%u

4: density
at?

V: volume
}/d/dz) + dzy/y) = §il %dz
do* do*?

+ + = ol

ax

1 d au
0x ax

0 dv N
dx dy
62

dy 0z
@ Insert linear elasticity

d du 0 dv

”ax 0x ‘u(')xc')y
62

d dw

d0x 0z
62

0
(A+M)a<a+

1-D (scalar)
equation of motion

THee THez G2

= 0ul

6v+aw N 62u+62u+62u _ 5
oy " az) " H\axz T ayz T oz2) T O

(/1+u)aa—x(V-u)+uV2u=5il

extension in 3-D G

3-D (vector)
equation of motion

(A + WV(V-u) + uV?u = i
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Seismic waves

GEE—
. 3-D (vector)
Wave motion (A + wWV(V-u) + uV?u = §it | equation of motion
o (coupled)
) 1. Apply divergence (scalar) operator (V )
) i S (S e ) 62
T P | > (A + WV?(V-u) + uv3(V-u) = 5 (\7 u)
7 e e . 3 _ 5 Pure volumetric
Lm S - ‘ (A+2pVi(V-u) =575 (V u) strain (P)
2. Apply curl (vector) operator (V x)
Pure shear strain
u72(Vxu) = 6 (qu) (S)
Sharing the same form
WAVE EQUATION
- Vp=a = /’HZ“ P-wave velocity
d
f — vaZf

ot? l [Us =B = f ] S-wave velocity

u(x, t) = Ae'(@tk) Solution for a plane P-wave in the x-dir
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P-wave velocity
R

-

[m/s]

P-wave velocity }

density [kg/m3]

[ Dimensional analysis }

L ra] \Y2 O ym?\Y?
P ([kg/m3]> - ([kg/m3]> -

o= () - (2

A+ 2p E(1—-v)
T Te . T Jsarwa-2w
<

2

g2

)

kg af.
n? 52!

[kg/m?3]

1/2

{GD\'-IFFESWN

UHMSTURBED MED)

LI

—
T ]

/

i
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S-wave velocity

e
§
e JE 1 S-wave
ST T 520+ v) | velocity [m/s]

Q. Which is the S-wave velocity in water?
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S-wave velocity
R

; T,
| |E 1 S-wave / 7
Vs = |5 = 52(1+v) . velocity [m/s] |

HRECTION OF WAVE PROPAGATION

Y

Q. Which is the S-wave velocity in water?
A. The S-wave velocity in water is null!

v’*¢"=0 water does not carry shear waves

Q. Why? sh.stress _ arbitrary 0

. . | = T —
A. Because its shear modulus is null! K sh. strain 0

0

you apply an arbitrary shear force F, the liquid 7 _ 0
1000kg/m3

Vg = g_

simply flows, and the shear strain becomes
arbitrarily large:

shear strain — «

In water, the shear modulus is zero because if
\/

A
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Elastic moduli from seismic velocities
Gl

Fluids do not carry shear waves. This knowledge, combined
with earthquake observations, is what lead to the discovery
that the earth’s outer core is a liquid rather than a solid —
“shear wave shadow”.

E.Q. Focus

Swaves

Low Velocity Core
(Liguid)

S-Waye Shadow 2008
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Elastic moduli from seismic velocities

Given the seismic velocities v, and v, i.e. from geophysical
measurements, we can derive the elastic moduli:

M - 5vp2

14

2 2
Vp~ — 2Vg 4
= K = §(vp? — = vg?

Z(UPZ _ vSZ) (UP 31'75 )

u = 8vg?

In a first approximation:

65 ~ 0.6vp \

vpfreshwater ~ 1450 m/s

vpsaltwater ~ 1530 m/s

kvp“ir ~ 330 m/s (speed ofsoun9
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Velocity of rocks and soils
GEE—

Type of formation P wave S wave Density | Density of
velocity velocity (g/cm®) | constituent
(m/s) (m/s) crystal
(g/cm?)

Scree, vegetal soil 330-700 100-300 1.7-2.4 -

Dry sands 400-1200 100-500 1.5-1.7 | 2.65 quartz

Wet sands 1500-2000 | 100-500 1.9-2.1 | 2.65 quartz
Saturated shales and clays 1100-2500 | 200-800 2.0-2.4 -
Marls 2000-3000 | 750-1500 | 2.1-2.6 -
Saturated shale and sand sections 1500-2200 | 500-750 2.1-2.4 -

Porous and saturated sandstones 2000-3500 | 800-1800 | 2.1-2.4 | 2.65 quartz

Limestones 3500-6000 | 2000-3300 | 2.4-2.7 | 2.71 calcite

Chalk 2300-2600 | 1100-1300 | 1.8-3.1 | 2.71 calcite

Salt 4500-5500 | 2500-3100 | 2.1-2.3 2.1 halite
Anhydrite 4000-5500 | 2200-3100 | 2.9-3.0 -

Dolomite 3500-6500 | 1900-3600 | 2.5-2.9 (Ca, Mg)

C0,2.8-2.9
Granite 4500-6000 | 2500-3300 | 2.5-2.7 -
Basalt 5000-6000 | 2800-3400 | 2.7-3.1 -
Gneiss 4400-5200 | 2700-3200 | 2.5-2.7 -
Coal 2200-2700 | 1000-1400 | 1.3-1.8 -
Water 1450-1500 - 1.0 -
Ice 3400-3800 | 1700-1900 0.9 -
Oil 1200-1250 - 0.6-0.9 -
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Velocity vs. porosity
GEEE

[ Soils and rocks are multiphase media J

%

[ The effective velocity is the combination of the velocity of the single component ]

2 O N

Liquid Gas
Mainly water Mainly air
(P-wave velocity=1450-1530 m/s) | (P-wave velocity=330-340 m/s)

- J
Y

Velocity of the multiphase medium
Combination of the three contributions
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Velocity vs. porosity
R

The overall rock properties are the average of the matrix (V,,) and pore
fluid (V) properties, weighted by the porosity ¢:

Time-average (Wyllie) 1 ¢ 1—¢
equation = +
(empirical) Vp Vf Um

Ex. 1: travertine having a matrix velocity of 3 km/s, a porosity of 30% (0.3) filled by fresh
water (Vg = 1.45 km/s)

1—0'3+0'7—0207+0233—044

vp 145 3 e
_ ! =227k

vp—0.44— ) m/s
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Velocity vs. porosity, density, pressure and saturation
GEE 30

\X
V I lt d lt 20 B \x x ) :
elocity vs. density _ e
. Porosity vs.: | NN
- ‘B o8 & 0o
O Q
velocity : | o Nae®
6000 [ —o— Sandstone o Sandstone =~ * ~ ° n\ )
—e— Limestone * Limestone T x KDXZQ‘
5500 Velocity (kft/s) : !*\:‘,,,.x
10 12 14 716% x Ay
0 'l k T L lT . T L .;f - JY a T
5000 3.0 3.5 40 45 5.0 6.0
- Velocity (km/s)
g
c 4500 I [ l ]
>
§ >0 ,-,.r,o-o—"""""—""'_
S 4000 . v
g il [/pr/i
g
g 3500 40
o .
E r;\ 35t
€ 3000 2
3 . E 30 Uﬂ/
oo Velocity vs. <, /" ‘o
[3) ;::—_‘_—Q:—:ﬁ
pressure and ¢ IO covnts il
2000 S 20—z !
- = L |
saturation ne ) s |
1500 10 o dry
Calcare di Bedford
1000 1 1 1 | 05+ ﬁ 212,3°% |
1 i
1000 1500 2000 2500 3000 TR
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Velocity vs. depth

G
: : T z — depth
Seismic velocities generall}/ b = C(2T)1/6 | T-age of the rock
iIncrease with depth due to: C — experimental constant
1500 2000 Velwg&“) 3000 3500
* increased compaction and y High vel. hycrse '
R e e e e e e BSR
consequent reduced pore space . Sonelos
| P Reference
'Y velocity-depth
« elastic moduli increase with wol t A\,
pressure 3 e
i ucsm'- :
trend 280-3500m ,
However, near surface or G000 | N
within anthropogenic : A\ -
elements, we can have some - . 1
velocity decrease R\
. " . 3000 -
(velocity inversion)
- P
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